A method of determining the absolute calibration of a gas-flow orifice without the use of gas holders or any comparative device is described. The method is based on the application of the momentum balance, as well as the energy balance, to the flow of the gas. The application requires the measurement of pressures on the face of the orifice in addition to the usual pressure-drop measurements along the axis of flow.
The absolute calibration of an orifice for gas-flow measurement usually requires somewhat awkward and bulky equipment, particularly if the flow rates are high. This is due to the fact that large volumes of gas must be collected and measured at constant pressure. To avoid building a large gas holder with a constant pressure control system, one is inclined to calibrate an orifice by comparison with some other device which has previously been given an absolute calibration. The reliability of the comparison calibration therefore depends upon the accuracy with which the original absolute calibration was made. This may not always be completely satisfactory to the user of an orifice, who would prefer his own absolute calibration.
This study was undertaken to develop a procedure for calibrating a gasflow orifice by measuring pressure only.
In the conventional treatment of an orifice an energy balance is applied to the flowing stream. In the following treatment emphasis is placed on the application of the momentum balance and on the determination of the forces which are exerted on the flowing stream. 
THEORY
Fi ure 1 is a diagrammatic sketch of orifice of standard design (1 ) . Point 1 is taken at least one pipe diameter upstream, where the flow is not appreciably affected by the orifice; point 2 is in the plane of the upstream face of the orifice opening itself; point 3 is at the vena contracta, the narrowest section of the rapidly moving stream; and point 4 is taken several pipe diameters downstream, where maximum pressure recover has been obtained. drop across the orifice is not more than one-tenth the absolute upstream pressure, experimental studies show that the following assumptions are reasonable. (1) There is almost negligible friction between points 1 and 3; the bulk of the friction loss occurs between the P ow through a circular thin-plate The pressure at the vena contracta point 3 is little different from the pressure immediately on the downstream side of the orifice plate. For a freely discharging orifice, such as one in which there is no pipe downstream from the orifice (that is discharge is directly to a large chamber), t h i s assumption is exact. ( 3 ) The density of the gas may be assumed constant at the average pressure and temperature between points 1 and 3, since for small pressure drops the density does not vary much. (4) The pressure exerted backward by the upstream face of the orifice plate is uniform over the plate and equal to PI. This assumption will later be modified slightly.
With the above assumptions one may write momentum, energy, and mass balances for the fluid between points 1 and 3:
to the edge of tha ON'fice Momentum balance
Mass balance
It is to be noted in Equation (1) that the pressure applies over the whole orifice area and not merely over the cross-sectional area at point 3, in line with the second assumption.
From Equations ( 
Experimental values of the coefficient in the equation
are given for orifice Reynolds numbers above 10,000. These may be compared with the theoretical prediction of Equation (6), as shown in Table 1 . It is seen that although the theory predicts the order of magnitude of K , and indeed why K is nowhere near unity, still the agreement with experimental values is not sufficient1 good to recommend the use of the x eoretical K's for accurate measurement of flow. It was suspected that the major discrepancy was due to the fourth assumption above. The backward pressure of the orifice plate would hardly be uniform all the way from the edge of the pipe to the edge of the orifice opening. It would seem reasonable that this pressure would be equal to PI at the edge of the pipe but would fall rapidly in the immediate vicinity of the orifice.
If the average pressure along the upstream side of the orifice plate is taken as something less than P,, say 0.9 P,, the momentum balance Equation (1) becomes Since Al-A, is positive, the right side of ( 8 ) , which is the net force acting on the fluid, is greater than As(Pl-P,) alone. Therefore it is said that the net force is m Aa(Pl-P3), where m> 1. If this quantity is used for the right side of ( 8 ) , and Equations (2) and (3) are combined with it in the same manner as before, the result is m To use Equation (9) it is necessary to evaluate the quantity m. The following describes the experimental deter-room. The pressure taps were connected to manometer tubes which could measure up to 32 in. of water pressure drop with a precision of 2 0.05 in.
DATA
Pressure readings at various taps are presented in Table 2 for ten runs. A separate run with tap 7 right inside the orifice opening showed the pressure there to be that of the room. mination of m and subsequently the coefficient calculated from it.
EXPERIMENTAL WORK
The orifice plate was constructed according to specifications ( I ) to permit comparison with the experimental values of K. A %-in. brass ate was used with a %in. orifice hole &\led in the center, as shown in Figure 2 . The hole was beveled at an angle of 45 deg. on the downstream side so that the cylindrical portion along the axis of flow was 3/64-in. long.
On the upstream face of the orifice four small holes, 1/64-in. diameter, were drilled to a depth of 1/32-in. at varying distances from the orifice opening. These were connected to small holes running parallel to the plane of the plate, ermitting pressure communication to outs& manometers. The distances between the pressure-tap holes in the upstream face and the orifice are shown in the table on Figure 2 . It is noted that the hole closest to the orifice has its edge only 0.0156 in. from the edge of the orifice. Getting the pressure hole this close to the orifice posed a very diffcult problem. Also accurate drilling was required to make each hole perfectly circular and to meet it properly with the 1/32-in. hole parallel to the plate. This was done by building the orifice plate in two parts. A center section of 1-in. diameter was pre ared with its 1/64-in. pressure holes a n f 1/32-in. connecting holes. The outer section was made with 1/16-in. holes leading to the manometer tubing connections. This section had a hole in center just 1 in. in diameter, into which the center section was force fitted and soldered. In addition to the four pressure taps shown, two extra holes were drilled later to get better spacing of pressure data across the upstream face of the orifice.
The finished orifice plate was mounted between standard flanges in a 2-in. schedule 40 pipe. The calming section of pipe preceding the orifice was 4 ft. long. The orifice was fed air from a compressed air line and discharged directly into the 
RESULTS
Discharge coefficients evaluated from Equation (9) are summarized in Table   3 and compared with those taken from the American Society of Mechanical Engineers report. The method of calculation of K in Equation (9) In the specific case of run 3 the area OABCO was found to be 1.890 units, while OACO gave 1.595 units. This made m = 1.890/1.595 = 1.185. Using this in Equation (9) The Reynolds number in the orifice was calculated in the usual way as DguJp. Air was assumed to behave as an ideal gas at the low pressures employed in this work.
DISCUSSION AND CONCLUSIONS
The agreement between the measured orifice coefficients according to the American Society of Mechanical Engineers report and those determined by use 6f the momentum balance is considered quite good. It would be desirable in a more complete study to try other ratios of orifice to pipe diameter. However it is believed that the agreement in this experiment demonstrates the applicability of the momentum balance and the assumptions employed. The study shows rather graphically why the orifice coefficient is in the neighborhood of 0.6.
If an orifice is to be used to measure gas flow and there is no convenient way to make a calibration, the technique of measuring a few pressures on the upstream face of the orifice plate should prove useful. The most serious drawback would be the mechanical problem of making pressure taps close to the orifice opening. However this problem can be solved as shown here. In accordance with the theory, the holdup can be calculated for any mode of fluidization once the relationship between the slip velocity and the holdup has been determined. Figure 1 gives a typical relationship.
The generalized theory has however been proved only for ideal systems ( I , A.1.Ch.E. Journal 11, 12, 1 4 ) . An ideal system is one of uniform rigid spheres fluidized with a liquid having a density not too different from that of the particles. Such a system was termed particulate fiuidization by Wilhelm and Kwauk (16).
The present investigation was undertaken to study the behavior of a 
